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Abstract
A simple, long magnetoelectric (ME) composite rod with a long Pb(Zr,Ti)O3 (PZT) rod embedded in
Terfenol-D/epoxy medium is reported. Our results indicate that there is a critical aspect ratio around
10 for the PZT rod, above which a larger aspect ratio plays a limited role in enhancing the ME effect.
Obvious anisotropy and high sensitivity to the magnetic field were observed in the ME composite rod.
The ability for further minimization of the rods, remarkable sensitivity and stability of such simple
ME composite rods are advantageous for their practical applications in magnetic-field micro-sensors.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Composites made up of ferro-/piezoelectric phase and
ferro-/piezomagnetic phase are a kind of novel multiferroic
magnetoelectric (ME) synthetic material, which not only
exhibit ferroelectric and ferromagnetic properties but can
also generate a coupling ME effect [1]. The ME effect is
defined as the dielectric polarization induced by an applied
magnetic field or an induced magnetization in an external
electric field [2]. The most likely applications of these
ME composites are magnetic-electric-force transducers and
magnetic-field sensors. Compared with a Hall effect sensor
that can only detect dc and low frequency ac magnetic fields,
and a superconducting quantum interference device (SQUID)
that has to work at liquid helium temperature, the ME sensors
are sensitive to both dc and ac magnetic fields at room
temperature. Recent research indicated that ME materials
show enormous potential applications in magnetic image
technology and multistate memory devices, and so on [3].
So far, several kinds of two-phase or three-phase
composites with different structures (e.g. 0–3, 2–2 and 1–3
phase connectivity) and components (e.g. ceramics, alloys and
polymers) have been fabricated [1, 4–8]. By optimizing the
structures and combinations of components, the ME effect of
composites was enhanced, and especially the magnetostrictive
alloy (such as Terfenol-D) based composites showed giant ME
coupling [9–13], demonstrating their superiority. Recently,
new prototypes of passive ac [14] and active dc [15] magnetic
sensors were developed based on these ME composites
made up of Terfenol-D and Pb(Zr,Ti)O3 (PZT) plates, which
were shown to be capable of 10−12 T detection at the ac
magnetic field and 10−8 T at the dc field. Another kind
of Metglass/PZT-fibre ME sensor was used to precisely
detect both geomagnetic fields and their inclinations along
various axes of a globe [16], which was sensitive to dc
magnetic-field variations of less than 10−9 T and angular
inclinations of 10−5 degree, offering potential opportunities
for a small global positioning device. A simple bilayered
PZT-Terfenol-D/epoxy three-phase composite also showed a
sensitivity of about 10−10 T ac magnetic field at resonance
frequency [7]. Although the sensitivity of the three-phase
ME composites is about two orders lower than that of
Terfenol-D/PZT two-phase composites, the Terfenol-D/epoxy
medium in the three-phase composites avoids the eddy
current loss of bulk Terfenol-D and they can be used in the
microwave field. In these magnetic alloy based (two-phase or
three-phase) composites, piezoelectric ceramics and magnetic
alloys are bonded together by polymer binders. Besides
their ME sensitivity, their lifetime and degradation of ME
properties are also of importance in technological applications.
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However, there are still no reports on their lifetime and
degradation.
Earlier theoretical calculations [2] predicted that the
1–3-type ME composites also exhibit good ME performance,
and sequentially, a recent experiment on a PZT rod array
embedded in the Terfenol-D/epoxy medium (i.e. a 1–3 type
three-phase composites) demonstrated a large ME effect (e.g.
a ME coefficient of 300 mV cm−1 Oe−1 at a low frequency
and over 6 V cm−1 Oe−1 at resonance frequency) [17]. In
order to avoid the difficulty of dice-and-fill processing for
such 1–3 type composites, a single period of a 1–3-type
structured ME composite (i.e. a ME rod) has been reported
[18], whose ME coefficient can reach up to 500 mV cm−1 Oe−1
at a low frequency and increase with the aspect ratio of the
PZT rod when the aspect ratio is below 10. Such a small
ME rod consisting of a PZT rod can be used as a ME sensor
probe. However, does a much higher aspect ratio mean better
performance? In this paper, we will report the ME response
of such a simple ME rod with a large aspect ratio and the
degradation of their ME performance.
2. Experimental
The PZT ceramic rod of about 23 mm length and 1 × 1 mm2
cross-section area used here (i.e. the maximum aspect ratio
of the PZT rod is as high as about 23 and the minimum
aspect ratio is 1) was prepared via conventional solid-state
reaction processing. The rod was polarized along the
longitudinal direction (denoted as the 3 direction) under a
poling field of 1 kV mm−1 in silicon oil of 70 ◦C. The dielectric,
piezoelectric and electromechanical coupling coefficients of
the PZT rod were measured as, respectively, ε33 = 1300, d33 =
340 pC N−1 and k33 = 0.64. The saturation magnetostriction,
resistivity and magnetomechanical coupling coefficient were
1600 ppm, 0.6 µ m and 0.75, respectively. Terfenol-D
powder of about 27 vol% was well mixed with low-viscosity
epoxy with a little hardener added. No percolation occurred
for Terfenol-D particles in the epoxy medium due to good
dispersion of Terfenol-D powder, and the measured dielectric
loss of the Terfenol-D/epoxy (TDE) mixed solid was only
0.03 in the measured frequency range from 1 kHz to 10 MHz,
indicating the TDE an insulator. This is because the Terfenol-
D particles are coated by the epoxy, which forms an insulating
shell to prevent the TDE mixture from conduction. The
flowable Terfenol-D/epoxy mixture before becoming hardened
was then slowly poured into a mould where the PZT rod was put
at the centre, followed by vacuo-degassing. After the epoxy
hardened at room temperature, we polished the samples to get
the ME composite rod. In order to keep the PZT rod the same
in all composite ME rods with various aspect ratios, we just
polished one end of the composite sample with a maximum
aspect ratio of 23 for the PZT rod to get different aspect ratios
from 23 to 1. Figure 1 shows an optical micrograph of the
transverse cross-section of the ME composite rod with the
PZT rod surrounded by the TDE medium. The inset in figure 1
shows a clear interface between the PZT and the TDE medium.
The measurement technique was reported in our
previous work [18]. The longitudinal and transverse ME
Figure 1. Optical micrograph of the transverse cross-section of the
ME composite rod, and the inset shows a micrograph of the
interface area between the PZT and the TDE medium.
coefficients were denoted as dE3/dH3 and dE3/dH1, which
were measured when the magnetic field was parallel and
perpendicular to the 3 direction, respectively. Because of the
low capacitance of the ME rod with a large aspect ratio, a
majority of the induced voltage is lost in the circuit. So the
charge mode, in which the sample was in the short circuit
condition as the effective input impedance of the amplifier
was very small, was utilized in the measurement. Then the
induced charge signal dQ was magnified and transferred into
the voltage signal dE by a charge amplifier and an oscillograph
or a lock-in amplifier was used to collect the voltage signals.
dE can be written as dE = dQ/Cl = dQ/εoεrS, where C,
εr, l and S are the capacity, relative dielectric constant, length
of the rod and electrode area, respectively. And the relative
dielectric constant and electrode area do not change with the
variation of the aspect ratio. So dE directly corresponds to
dQ, and thus the ME measurement in the charge mode in this
short circuit condition reflects the change in the intrinsic ME
properties. All the measurements were performed at room
temperature, which is lower than the Curie temperatures (i.e.
above 300 ◦C) for Terfenol-D and PZT.
3. Results and discussion
3.1. Effect of the aspect ratio on the ME response
Based on the previous results where the ME response of
the ME composite rods got a maximum when the volume
fraction of the PZT rods with aspect ratios of 5–10 was around
6.25% [18], we keep the volume fraction of the PZT rod as
6.25% but further increase the aspect ratio up to over 20.
The dependence of the ME coefficients on the aspect ratio
is presented in figure 2. As expected, dE3/dH3 and dE3/dH1
increase with increasing aspect ratio, which is attributed to
the enhanced effective piezoelectric effect of such 1–3-type
piezoelectric composites. There is clearly a critical aspect
ratio (see figure 2) of around 10. When the aspect ratio is
below about 10, the ME response is very sensitive to and
about linearly increases with the aspect ratio; however, the
ME effect does not significantly change with the aspect ratio
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Figure 2. Variation in the (a) ME coefficients (absolute value) and
(b) normalized dE/dH (i.e. the ME coefficient at different aspect
ratios divided by that at the aspect ratio of 1) of the simple ME
composite rods with the aspect ratio of the PZT rod. The dotted line
indicates the critical aspect ratio.
when the aspect ratio is over 10. This is especially so for
the transverse ME coefficient. The observed dependence of
the ME effect on the aspect ratio indicates that the larger
aspect ratio plays a limited role in enhancing the ME effect
of such ME composites, which seems in agreement with the
effective-medium predictions for 1–3-type piezocomposites
where there is also a critical aspect ratio of around 10 for
their effective piezoelectric constants [19]. As micro-probes,
piezoelectric fibres could be used in such ME composite rods
to make ME micro-sensors, but our results demonstrate that
too large an aspect ratio of fibres is not required, which
is a benefit for the easy processing of the ME rods. In
fact, too large an aspect ratio of fibres would make them
hard to be completely polarized in experiment, resulting in
the reduction of the piezoelectric effect and thus the ME
effect. These illustrate that an aspect ratio of about 10 is
enough.
Although the large aspect ratio of the rod has no significant
effect on the ME coefficients, it affects the resonance frequency
where the electromechanical resonance enhances the ME
response [20]. The resonance frequency shifts to low values
with increasing aspect ratio, as shown in figure 3. For
illustration, the anti-resonance frequency is given by fa =
(1/2l)
√
cD33/ρ, where ρ and c
D
33 are the density and stiffness
Figure 3. Anti-resonance frequency of the simple ME rods as a
function of the aspect ratio of PZT. The solid line shows the
theoretical results.
constant of the composite rod [21]. As seen, the measured
anti-resonance frequency of the ME composite rod is in good
agreement with that calculated.
3.2. Anisotropy of the ME effect
As for the piezoelectric properties, the ME effect of the
composite rods is also anisotropic (figure 2). As shown in
figure 4(a), both longitudinal and transverse ME coefficients
increase with increasing magnetic field in the low field range
and then decrease after reaching the maximum. The maximum
of dE3/dH3 is about double dE3/dH1, which is attributed to
anisotropic magnetostriction and piezoelectricity. Figures 4(b)
and (c) are the magnetostrictive strains and their differential
(i.e. the effective piezomagnetic coefficients) as a function
of the dc magnetic bias when the magnetic bias is applied
parallel and perpendicular to the 3 direction, respectively.
The introduction of an inert epoxy and a PZT rod depresses
the magnetostrictive strain of Terfenol-D significantly, and
thus the magnetostriction of the composite rods is about
230 ppm at 6 kOe, which is several times lower than the
magnetostriction of Terfenol-D [22]. For isotropic magnetic
materials such as the TDE medium used here, the saturation
magnetostriction coefficient λs can be expressed as λs =
(3/2)λ0(cos2 θ − 1/3), where θ is the angle between the
directions of measurement and magnetic field. From a simple
calculation, we know that the longitudinal magnetostrictive
coefficient λs‖ = λ0 when θ = 0◦ (i.e. the applied
magnetic field parallel to the 3 direction) and the transverse
magnetostrictive coefficient λs⊥ = −λ0/2 when θ = 90◦ (i.e.
the applied magnetic field perpendicular to the 3 direction),
and so λs⊥ = −λs‖/2, in good agreement with the data in
figures 4(b) and (c).
When the magnetic field is applied along the longitudinal
direction of the ME composite rods, the maximum effective
piezomagnetic coefficient dλ/dH of about 0.065 ppm Oe−1
is achieved at 1.5 kOe because the demagnetization field is
small. As predicted [11], dE/dH is proportional to dλ/dH ,
so dE3/dH3 also reaches its maximum at the optimal magnetic
fields of 1.5 kOe. Similarly, when the magnetic field is applied
along the transverse direction, the demagnetization field in this
3
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Figure 4. (a) Dependence of the ME coefficients (absolute value) of
the ME composite rods with the aspect ratios (L/a) of 23 and 10 on
the applied dc magnetic bias. Magnetostrictive strain and its
differential (i.e. the effective piezomagnetic coefficient) as a
function of the dc magnetic bias when Hdc is applied parallel (b) and
perpendicular (c) to the 3 direction, measured along the longitudinal
direction of the ME composite rods by strain gauge.
direction is larger than that in the longitudinal direction, so
the optimal magnetic field increases to about 2 kOe, where
|dλ/dH | gets its maximum of 0.028 ppm Oe−1, about half
of 0.065 ppm Oe−1. Therefore, the maximum of dE3/dH1
appears at 2 kOe and is nearly half dE3/dH3 in absolute value,
as shown in figure 4(a). The anisotropic ME effect can also
be explained in another way. In the simple ME composite
rods, the induced electric field output can be approximately
expressed as E3 = (ePZT31 S1 + ePZT32 S2 + ePZT33 S3)/ε33, where Si
and ePZT3i are the strains and piezoelectric stress coefficients of
the PZT rods, and ePZT31 = ePZT32 ≈ −(1/3)ePZT33 for the PZT used
here. For the measurement of dE3/dH3, S1 = S2 ≈ −S3/2 =
−λ0/2 and thus E3 ≈ (−ePZT31 λ0/2−ePZT32 λ0/2+ePZT33 λ0)/ε33 =
−4ePZT31 λ0/ε33. Similarly, S1 = λ0, S2 ≈ S3 ≈ −λ0/2 and
 
 
Figure 5. Induced ME voltages for the simple ME rod with an
aspect ratio of 10 at driving frequencies of f = 1 kHz and
f = 83.5 kHz (resonance frequency) as a function of the ac
magnetic field. The inset shows an on–off change in the ME voltage.
E3 ≈ (ePZT31 λ0 −ePZT32 λ0/2−ePZT33 λ0/2)/ε33 = 2ePZT31 λ0/ε33 for
dE3/dH1. Therefore, dE3/dH3 = −2dE3/dH1.
3.3. Response to a small ac magnetic field
Measurements of low magnetic-field sensitivity were
performed for simple ME composite rods at a low frequency
of 1 kHz and a resonance frequency of 83.5 kHz with the
bias magnetic field of 1.5 kOe. At 1 kHz, the response
voltage (figure 5) is nearly a linear function of Hac over
the range of 10−7 T < Hac < 10−3 T. A significantly
higher sensitivity to minute low Hac-field variations could
be achieved over a narrow bandwidth around the resonance
frequency of f = 83.5 kHz because of the resonance-
enhanced ME response. In the range of 10−10 T < Hac <
10−5 T, the ME response voltage signal linearly decreases
with decreasing Hac. A minute magnetic-field variation of
Hac = 3.2×10−10 T (or 3.2×10−6 Oe) is still detectable under
resonant operation without a special magnetically shielded
environment at room temperature, as shown in the inset of
figure 5. The noise of about 5 nV is imposed by the disturbance
of the environmental magnetic field and the measurement
system. Furthermore, if the magnetically-shielding case is
improved, it is expected that a much smaller variation of the ac
magnetic field can be detected by using such simple composite
ME rods.
3.4. Degradation of the ME effect
In order to test the stability of the composite ME rod, we apply
a load cycle of a square-wave magnetic field Hac on the rod.
When the load cycle 6.8 Oe in amplitude at 1 kHz is applied,
the composite ME rod exhibits an almost flat fatigue profile
with a negligible decrease in the ME response up to 5 × 108
cycles (figure 6(a)). But if the fatigue test is performed at
the resonance frequency of about 83.5 kHz, the ME response
shows a slight decrease after 5 × 108 cycles (figure 6(b)).
Different from the ferroelectric fatigue measurement, in
which the ferroelectric domains acutely reverse to change
4
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Figure 6. ME response at (a) 1 kHz and (b) 83.5 kHz for the
composite ME rod with an aspect ratio of 10 as a function of the
number of magnetic-field reversals and (c) the degradation of the
ME response of such a ME composite rod with time.
the polarization direction, such a ME fatigue measurement
is much milder. The magnetostrictive phase changes its
deformation (expansion or shrinkage) with the ac magnetic
field reversal, then the strain passes along to the piezoelectric
phase through the interface, inducing polarization changes
due to the piezoelectric effect. At low frequency, the interface
coupling between the PZT and the TDE medium does not relax
and stays in good condition. But during the fatigue test at the
resonance frequency, the strong electromechanical resonance
might result in a little relaxation in the interface contact after
5 × 108 cycles, which leads to a slight decrease in the ME
coupling (figure 6(b)). More appropriate characterizations for
the ME fatigue measurement still remain an issue for the ME
composites.
The ageing of such ME rods with time was measured
repetitively over the last two years, and the typical results are
plotted in figure 6(c). The ME response of the composite
rods decreases slightly in the first 100 days, but afterwards, it
does not change obviously with time, indicating that obvious
degradation did not occur under daily conditions and the simple
ME composite rods have good stability.
4. Conclusions
Simple ME composite rods with long PZT rods embedded in
the Terfenol-D/epoxy mixture have been reported. Because of
the enhanced effective piezoelectric effect, the ME response of
such ME rods obviously increase with increasing aspect ratio of
the PZT rods below the critical aspect ratio of about 10, but does
not significantly change above the critical aspect ratio. The ME
effect of the composite rods is anisotropic, which is attributed
to effective anisotropic magnetostriction and piezoelectricity
of the composite rods. A small ac magnetic-field variation of
about 10−10 T can be detected by the ME rod. Furthermore,
degradation measurement of the ME composite rod illustrates
good stability of the ME response. Both high ME response
and good stability of such simple ME rods are of importance
in device applications such as ME probes.
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